Research in contextEvidence before this studyGlioblastoma multiforme (GBM) is a devastating brain cancer that usually results in death in the first 14.6 months after diagnosis. Currently, diagnosis and prognosis of GBM rely on magnetic resonance imaging (MRI), computed tomography, and biopsy. In addition, therapy resistance is a major problem for GBM treatments. Both intrinsic heterogeneity among GBMs and intratumoral heterogeneity in GBM are considered as the major hurdles in the therapy of GBMs. Moreover, the existence of cancer stem cells (CSCs) in GBMs has been considered as another major reason for therapy resistance.Added value of this studyWe used large datasets derived from GBM patients to analyze the expression of several CSC markers and the CD44 correlated genes ABCC3 and TNFRSF1A. We identified a four-gene signature which could be employed as prognostic markers for GBM patients in the future. We further tested the four-gene model using a panel of GBM cell lines with TMZ and three compounds with the potential to be used as anti-GBM therapy. This study could be a resource in clinical activity for patient stratification.Implications of all the available evidenceThe MGMT methylation, IDH, and EGFR mutation, as well as the identified four-gene index model from this study could aid in the prognosis and target therapy for patients with GBM. The current poor survival of GBM patients may result from delayed diagnosis, which typically occurs after individuals display neurological symptoms and require expensive diagnostic MRI analyses. Therefore, the four-gene signature has a potential role in guiding clinicians towards developing cost-efficient personalized optimal patient care.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Glioblastoma multiforme (GBM), characterized by the accumulation of multiple genetic alterations in tumor cells, accounts for 50% of central nervous system tumors, and is a deadly disease with no known curable therapy \[[@bb0005]\]. Even with aggressive treatments, such as surgery followed by chemotherapy and radiotherapy, patients with GBM will eventually die of their disease and the median survival time is approximately 14--16 months \[[@bb0010]\]. Adjuvant TMZ plus Optune (a tumor treating fields (TTF) device) treatment is currently considered as a standard strategy for maintenance therapy to extend patients\' lives after surgery and chemotherapy \[[@bb0010],[@bb0015]\]. Currently, diagnosis and prognosis of GBM rely on magnetic resonance imaging (MRI), computed tomography (CT), and biopsy \[[@bb0020]\]. Though several targeted therapy strategies have been initiated, all these therapies are only suitable for a very small population due to the heterogeneity of the disease \[[@bb0025],[@bb0030]\]. Therefore, understanding the complexity of GBM biology in order to identify suitable diagnostic and prognostic biomarkers and therapeutic targets is essential for optimal patient care.

With the aid of the current advanced technologies, GBMs have been classified into several subtypes based on the patients\' performances, as well as morphology and gene signature and/or the genetic alterations in the tumors (*e.g.*, isocitrate dehydrogenases (IDH) mutations, platelet derived growth factor receptor (PDGFR), epidermal growth factor receptor (EGFR) mutation or amplification, and 1p/19q loss of heterozygosity (LOH), or changes in epigenetic modifications) \[[@bb0005],[@bb0035], [@bb0040], [@bb0045], [@bb0050], [@bb0055], [@bb0060], [@bb0065]\]. Clinically relevant subtypes of GBM, classical, neural, proneural, and mesenchymal, with different phenotypes based on their intrinsically genetic alterations and gene expression patterns in the tumor have been also identified \[[@bb0040]\]. Studies show that both intrinsic heterogeneity among GBMs and intratumoral heterogeneity in each GBM are considered as the major hurdles in management of GBMs \[[@bb0035],[@bb0070],[@bb0075]\]. In addition, the existence of cancer stem cells (CSCs) in GBMs has been considered as another major reason for therapy resistance \[[@bb0080],[@bb0085]\]. CD133 is one of the most commonly used markers for selecting GBM CSCs \[[@bb0075],[@bb0090],[@bb0095]\]. Moreover, CD44 expression in GBM cells is critical for GBM invasion and migration \[[@bb0100], [@bb0105], [@bb0110], [@bb0115]\]. Furthermore, Anido et al. reported that GBM cells with high levels of CD44 have notably higher potential for developing tumors *in vivo* \[[@bb0120]\]. Recent studies also support the observation that CD44 may be a GBM stem cell marker *in vitro* and in animal models \[[@bb0075],[@bb0100],[@bb0125],[@bb0130]\]. However, the molecular mechanism of GBM therapy resistance remains to be determined, and biomarkers to monitor treatment responses are in urgent need.

In this study, we use large microarray datasets derived from GBM patients to analyze the expression of commonly used CSC markers, especially CD44 in GBM patients and CD44 correlated genes in GBMs from patients. GBM patients with a highly methylated O^6^-methylguanine-methyltransferase (MGMT) promoter or IDH1 mutation in their tumors often exhibit a better response to treatments, while alterations at EGFR result in therapy resistance \[[@bb0005],[@bb0070]\]. Here, we determine the contribution of some common genetic modifications/alterations (*e.g.*, MGMT methylation, EGFR amplification, IDH1 mutation, and 1p/19q LOH) on CD44 expression and related genes involved in CD44 signaling and validate these results using a group of GBM cell lines.

2. Materials & methods {#s0025}
======================

2.1. Datasets, data analyses, and statistical testing {#s0030}
-----------------------------------------------------

### 2.1.1. Datasets and data analyses {#s0035}

Seven datasets from previously detected microarray with complete information were employed in this study \[[@bb0050],[@bb0095],[@bb0135], [@bb0140], [@bb0145], [@bb0150], [@bb0155], [@bb0160], [@bb0165]\]. Using the 'R2: Genomics Analysis and Visualization Platform (<http://r2.amc.nl>)', we analyzed the expression levels of a panel of commonly used CSC markers including CD133, CD44, SOX2, Nestin (NES), and MYC and their correlations in GBM cells, neural stem cells, normal brain tissues, and GBMs, as well as the correlation of gene expression levels with patients\' survival outcomes. The levels of commonly used CSC markers and the correlation levels between the CSC markers in GBM cells *vs.* neural stem cells or normal cortex were determined using the previously generated dataset "Cellline Glioblastoma Stemcells - Pollard -- 20" by the GeneChip Human Genome U133 plus 2.0 Array (Affymetrix) \[[@bb0095]\]. The levels of gene expression in GBM tumors *vs.* non-brain tumor tissues were determined using the dataset "Mixed Brain Glioma - Sun - 180 - MAS5.0 - u133p2" previously generated using the GeneChip Human Genome U133 plus 2.0 Array \[[@bb0145]\]. The CD44 regulated target gene signatures (co-expressed gene groups) were determined using three large datasets "Tumor Glioblastoma-TCGA-540-MAS5.0-u133a", "Tumor Glioblastoma-TCGA-395-MAS5.0-u1331", and "Tumor Glioma - French - 284 - MAS5.0 - u133p2" \[[@bb0050],[@bb0140],[@bb0165],[@bb0170]\]. The CD44 signaling related genes were selected based on the degree of positive correlation with CD44 in the GBMs as reported in our previous study \[[@bb0175]\]. For the correlated genes in GBM with CD44, at least *R* ≥ 0.65 were selected from each cohort as candidate genes, and among them, the genes with highest correlation defined by R ≥ 0.65 and lowest Log10\[pval\] in all three cohorts were selected \[[@bb0050],[@bb0140],[@bb0165],[@bb0170]\]. The levels of selected markers in GBM tissues at different stages and subtypes were determined using the dataset "Tumor Glioma - Lee - 100 - MAS5.0 - u133a" generated by the microarray \[[@bb0155],[@bb0160]\]. The levels of selected markers in GBM with or without MGMT methylation in GBM tissues were determined using the dataset "Tumor Glioblastoma - TCGA - 540 - MAS5.0 - u133a" generated by Brennan et al. \[[@bb0165]\]. The levels of selected markers in GBM with or without IDH1 R132H mutation, EGFR amplification, and 1p/19q LOH in the GBM tissues were determined using microarray data "Tumor Glioma - French - 284 - MAS5.0 - u133p2" generated by Gravendeel et al. \[[@bb0050]\]. The correlation of gene expression levels with patients\' survival outcomes were determined using three datasets with patients\' overall survivals in the R2 database \[[@bb0050],[@bb0140],[@bb0165],[@bb0170]\].

For all analyses using microarray data, we used the probes that could recognize all gene isoforms. We then applied the same probe for the target gene in all datasets. Only consistent results from different cohorts are reported here. For the correlation of gene levels with patient\'s survival time, we extracted the data from R2 database using the probes selected for gene expression analysis and then analyzed for correlation using JMP software (SAS Institute, Cary, NC). To define high and low expressions, we first evaluated the distribution and mean value for each gene in all samples crossing all datasets. The range of cut-off values for each gene was determined according to the distribution and mean value of each gene in the datasets. The high and low expressions in all samples crossing all datasets employed in this study were determined based on the cut-off values selected for each gene and tested for correlation with patients\' survival outcomes using JMP software. The threshold was established based on the test of gene sets using values selected in the distribution range by Kaplan-Meier and log rank methods. Based on the p-values from all tests, the median cut-off value that gave the smallest p-value was selected. The high and low expressions refer to the value above and below the cut-off value selected for the log rank test, respectively. The survival distribution was estimated according to the Kaplan-Meier method and the significance was determined using log-rank statistics.

### 2.1.2. Statistical testing {#s0040}

All statistical analyses were performed with JMP software. The level of significance for gene expression among different types of tissues was analyzed using student *t*-test or ANOVA. The log-rank test was used for comparison of patient survival between high and low expression groups for each selected gene. Statistical significance was defined as p \< .05.

2.2. Cell culture {#s0045}
-----------------

GBM cell lines, U87 with TP53 wild type, T98G containing a TP53 Met → Ile mutation at codon 237, LN18 carrying TP53 Cys → Ser mutation at codon 183, and LN229 harboring a TP53 Pro → Leu mutation at codon 98, were obtained from ATCC. Cells were maintained in Minimum Essential Medium (MEM) (Cellgro) supplemented with 4 mM L-glutamine, 100 units/ml penicillin, 100 μg/ml streptomycin, 1% sodium pyruvate, 1% nonessential amino acids, and 10% fetal bovine serum (FBS) at 37 °C with 5% CO~2~.

2.3. Cell proliferation analysis {#s0050}
--------------------------------

GBM cells (1 × 10^5^/well) maintained in complete medium were placed in 96-well plates overnight. Salinomycin, celastrol, and triptolide at various concentrations or identical volume of control (DMSO) were added to the appropriate wells. The cells were treated for 48 h before adding MTS solution (Promega) according to the manufacturer\'s instructions. After 2--4 h incubation, the number of cells in each well was determined by measuring the optical densities at 490 nm. The results were expressed as the percentages of viable cells against the control cultures.

2.4. Tumor-sphere formation assay {#s0055}
---------------------------------

Tumor-sphere formation assay was performed as previously described \[[@bb0180]\]. Tumor-sphere media consisted of a 50:50 mix of F12 and DMEM (Invitrogen), supplemented with 40 ng/ml bFGF (R&D systems), 20 ng/ml EGF (R&D systems), 1% B27 and N2 supplements (Invitrogen), 2 μg/ml heparin (Sigma), 0.1 mM β-mercaptoethanol (Sigma), and 1× antibiotic/antimycotic (Mediatech). 200 GBM cells were seeded in 200 μl medium into each well in Ultra-low attachment 96 well plate (Corning). At day 7, the numbers of tumor-sphere formed in each condition were counted under phase-contrast microscope using the 10× magnification lens.

2.5. Reverse transcription-quantitative PCR (RT-qPCR) analysis {#s0060}
--------------------------------------------------------------

Total RNA was isolated from GBM cell lines with or without treatments using RNeasy (Qiagen). The quantity and quality of extracted RNA were determined using NanoDrop (Thermo Fisher Scientific). 100 ng of total RNA was used to prepare cDNA using iScript Reverse Transcription Supermix (Bio-Rad) by following the instructions provided by the manufacturer. Gene specific primers were designed using Primer-BLAST online tool; and the primer sequences are available upon request. Real time PCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad) and CFX96 real-time system C1000 Touch Thermal Cycler (Bio-Rad). PCR amplification was done at 95 °C for 10 min, denaturation at 95 °C for 15 s followed by annealing/extension at 60 °C for 1 min for 40 cycles. Fold change obtained from Ct values using 2^-ΔΔCt^ methodology \[[@bb0185]\] was converted into logarithmic base 2 for statistical analysis. P-values \< .05 were considered to be statistically significant.

3. Results {#s0065}
==========

3.1. CD44 is an indicator of patients with poor survival {#s0070}
--------------------------------------------------------

To search for therapy resistant markers in GBM, we determined the expression levels of a panel of commonly used putative CSC markers including CD133, CD44, Nestin (NES), SOX2, and MYC in tumorigenic GBM cell lines, neural stem cell lines, and normal cortex tissues as well as GBM tissues by analyzing microarray datasets \[[@bb0095],[@bb0165]\]. As shown in [Fig. 1](#f0005){ref-type="fig"}a--b and Supplemental Fig. 1, all CSC markers, especially CD44, are highly expressed in GBM and neural stem cell lines and the levels of these markers are significantly higher than the ones in the normal cortex tissues (p ≤ .01). The expression levels of CD44 in GBM cell lines, neural stem cell lines, and normal cortex tissues correlated with NES (*r* = 0.851, p \< .001) and MYC (*r* = 0.618, p \< .001) extremely well, but not CD133 (*r* = 0.222, p = .38) ([Fig. 1](#f0005){ref-type="fig"}c). The result from the further analysis of the expression and the correlation between CD44 and these CSC markers in GBMs using three large datasets in the R2 database, revealed that the expression level of CD44 is higher than those previously defined CSC markers in the GBM samples ([Fig. 1](#f0005){ref-type="fig"}b, p \< .001) and a good correlation between CD44 is only detected with NES but not CD133 and MYC in all GBM samples ([Fig. 1](#f0005){ref-type="fig"}d). More importantly, higher levels of CD44 and CD133 were associated with significantly shorter survival times ([Fig. 1](#f0005){ref-type="fig"}e and Supplemental Figs. 2a and 3). As GBMs are highly heterogeneous, previous studies have identified the existence of at least four subtypes of GBMs: proneural, neural, mesenchymal, and classical subtypes. Among all subtypes, the survival outcome from good to poor are: classical \> proneural \> mesenchymal \> neural \[[@bb0040]\]. We further analyzed CD44 and CD133 expression in four subtypes of GBM patients and found a relatively low level of CD44 in all classical GBMs compared with mesenchymal and neural GBMs ([Fig. 1](#f0005){ref-type="fig"}f--h); CD44 levels classified proneural GBMs into two subtypes, of which, the one with higher levels of CD44 is associated with patients\' significantly short survival times ([Fig. 1](#f0005){ref-type="fig"}i), while the expression of CD133 can be detected in all four major groups of GBMs (Supplemental Fig. 2b--e). These results indicate that CD44 is a potentially useful marker for evaluating GBM patient survival and treatment resistance.Fig. 1The expression of CD44, CD133, NES, SOX2, and MYC in GBM.(a) The heat map shows the expression of common CSC markers in GBM cells, neural stem cells, and normal cortex. The data was extracted from the dataset "Cellline Glioblastoma Stemcells - Pollard -- 20 in the R2 database"\[[@bb0095]\] and the clustering was performed based on the nearest distance according to gene expression levels using JMP software. (b) The expression levels of common CSC markers in GBM tissues (ANOVA, p \< .001). The data were extracted from \"Tumor Glioblastoma-TCGA-540-MAS5.0-u133a\" \[[@bb0165]\]. The boxes represent the interquartile ranges of the analyzed genes\' expression levels. The line within each box represents median 2Log expression cut-off value of each gene in the dataset. The minimum and maximum ranges for each gene expression level were shown as whiskers. (c) The correlation of CD44 levels with CD133, NES, and MYC expression in GBM cells and neural stem cells were analyzed using the dataset "Cellline Glioblastoma Stemcells - Pollard -- 20" \[[@bb0095]\]. (d) The correlation of CD44 expression with other CSC markers in GBM tissues using three available complete datasets in the R2 database and analyzed using the R2 software (<http://r2.amc.nl>) \[[@bb0050],[@bb0140],[@bb0165],[@bb0170]\]. (e--i) The correlation of CD44 expression with patients\' survival time. The correlation of expression of selected markers with patients\' overall survivals in three available complete datasets in the R2 database were analyzed using the R2 software \[[@bb0050],[@bb0140],[@bb0165],[@bb0170]\]. Survival time was measured from the time of initial diagnosis to the date of death or the date of last follow up. The survival distribution was estimated according to the Kaplan-Meier method using optimal cut-off selection and log-rank statistics. P-values \< .05 were considered to be statistically significant.Fig. 1

3.2. Identification of a panel of genes as prognostic markers for GBMs {#s0075}
----------------------------------------------------------------------

We then searched for CD44 regulated genes defined by its highly positively co-expressed genes (*R* ≥ 0.65) in GBMs and found that the highly co-expressed genes are mainly regulators involved in DNA repair, apoptosis, cell cycle, and transcription regulators, as well as membrane molecules ([Fig. 2](#f0010){ref-type="fig"}a & Supplemental Fig. 4). The expressions of nicotinamide phosphoribosyltransferase (NAMPT), tenascin C (TNC, a glioma associated extracellular matrix antigen), Annexin A1 (ANXA1), tumor necrosis factor receptor superfamily member 1A (TNFRSF1A), complement component 1 subcomponent R (C1R), WW domain containing transcription regulator 1 (WWTR1), ATP binding cassette subfamily C member 3 (ABCC3), complement C1r subcomponent like (C1RL), complement factor I (CFI), epithelial membrane protein 1 (EMP1, a tumor associated membrane protein), and S100 calcium binding protein 10 (S100A10) are highly positively correlated with CD44 expression in GBMs. We then compared the expression levels of CD44, and its highly correlated genes, ABCC3 and TNFRSF1A, in GBM and non-brain tumor cerebellum using the dataset from mixed brain glioma \[[@bb0145]\]. Among these genes, the expression levels of CD44, ABCC3, and TNFRSF1A are significantly higher in GBMs than in non-brain tumor tissues ([Fig. 3](#f0015){ref-type="fig"}a). In parallel, we also compared the expression levels of the most commonly used markers, such as CD133, AKT1, CDKN2A, IDH2, and MGMT in GBM and non-brain tumor tissues ([Fig. 3](#f0015){ref-type="fig"}a). We observed that the levels of AKT1 are significantly higher in GBMs than in normal cerebellum, while the levels of MGMT are much higher in the non-brain tumor tissues compared with GBM tissues ([Fig. 3](#f0015){ref-type="fig"}a--b). These results indicate that the detection of MGMT levels in GBM may not always be accurate; thus, only utilizing MGMT level as a biomarker to determine the therapy response may not be sufficiently sensitive. Further analysis of these markers in astrocytoma samples from patients at grade III *vs.* grade IV as well as primary *vs.* recurrent GBMs using the data generated by microarray \[[@bb0155],[@bb0160]\] show that the expression levels of CD44, ABCC3, and TNFRSF1A in GBMs are increased along with disease grades ([Fig. 3](#f0015){ref-type="fig"}c), but such correlation is not observed between primary and recurrent GBMs ([Fig. 3](#f0015){ref-type="fig"}d). Because MGMT methylation status and IDH1 mutation, as well as abnormal activation of EGFR signaling due to amplification or mutation, are considered as important indicators of chemotherapy resistance \[[@bb0005],[@bb0070]\], we also evaluated the effects of MGMT methylation, IDH1 mutation, and EGFR amplification on the expression of all selected markers in GBMs. We did not observe significant differences in expressions of these markers between MGMT-methylated and MGMT-unmethylated GBMs ([Fig. 4](#f0020){ref-type="fig"}a). In contrast, we found that the levels of TNFRSF1A and MGMT are higher in GBMs with EGFR amplification than those in wild type (WT) ([Fig. 4](#f0020){ref-type="fig"}b). Similarly, significantly elevated levels of CD44, ABCC3, TNFRSF1A, and AKT1 were observed in the GBMs with WT IDH1 than those with the IDH1 R132H mutation ([Fig. 4](#f0020){ref-type="fig"}c). The loss of heterozygosity (LOH) of 1p/19q has been previously shown to significantly affect GBM patients\' survival outcomes; we thus further analyzed the levels of these markers in tumors with or without 1p/19q LOH. We found that the levels of CD44, ABCC3, and TNFRSF1A were significantly lower in the tumors with 1p/19q LOH ([Fig. 4](#f0020){ref-type="fig"}d-e).Fig. 2Identification of CD44 highly correlated genes.(a) The gene levels highly correlated with CD44 in GBM tissues selected from 540 GBMs \"Tumor Glioblastoma-TCGA-540-MAS5.0-u133a\" \[[@bb0165]\]. The genes with a correlation factor *R* \> 0.65 and lowest p-value were highlighted in green as candidate genes. (b) The figure shows the correlation of genes with CD44 "R" and the significance levels of "p" in GBMs.Fig. 2Fig. 3The expression levels of selected markers in GBM tumors and non-brain tumor tissues.(a) The levels of selected genes in GBM tumors (n = 77) and non-brain tumor tissues (n = 77). The data were extracted from the dataset "Mixed Brain glioma - Sun - 180 - MAS5.0 - u133p2" \[[@bb0145]\]. The difference between GBM and non-brain tumor was determined using ANOVA test. P-values \< .05 were considered to be statistically significant. The boxes represent the interquartile ranges of the analyzed genes\' expression levels. The line within each box represents median 2Log expression cut-off value of each gene. The minimum and maximum ranges for each gene expression level were shown as whiskers. Black dots represent outliers. (b) The heat map represents the levels of selected markers in normal and GBM tissues. The clustering was performed based on the nearest distance according to gene expression levels using JMP software. Each row represents a gene and each column represents a sample. The color scale illustrates the relative expression levels of the genes. Colors from green to yellow to red represent the expression levels of each gene from low to intermediate to high. (c) The heat map represents the levels of selected markers in grade three and grade four astrocytoma tissues using the dataset "Tumor Glioma - Lee - 100 - MAS5.0 - u133a" \[[@bb0155]\]. (d) The expression levels of selected markers in primary (n = 23) and recurrent GBM tissues (n = 77) were determined using the dataset "Tumor Glioma - Lee - 100 - MAS5.0 - u133a" \[[@bb0155]\] (ANOVA, p \< .05).Fig. 3Fig. 4Common genetic modifications or alterations in GBM on CD44 and ABCC3 expression.(a) The expression levels of selected genes in GBM with or without MGMT methylation (methylated, n = 22; unmethylated, n = 63) were determined using the dataset "Tumor Glioblastoma-TCGA-540-MAS5.0-u133a" \[[@bb0165]\] (student *t*-test, p \< .05). (b) The expression levels of selected genes in GBM tissues with or without EGFR amplification (WT, n = 108; amplification, n = 43) (student *t*-test, p \< .05) and (c) The expression levels of selected genes in GBM tissues with or without IDH1 mutation (WT, n = 143; mutation, n = 83) were determined using the dataset "Tumor Glioma - French - 284 - MAS5.0 - u133p2" \[[@bb0050]\] (student *t*-test, p \< .01). (d) The expression levels of selected markers in GBM tissues with or without LOH at 1p (LOH, n = 51; Non LOH, n = 80) (student *t*-test, p \< .01) and (e) with or without LOH at 19q (LOH, n = 50; Non LOH, n = 95) were determined using the dataset "Tumor Glioma-French-284-MAS5.0-u133p2" \[[@bb0050]\] (student *t*-test, p \< .01).Fig. 4

3.3. A four-gene index model for prediction of GBM patients\' therapy response {#s0080}
------------------------------------------------------------------------------

From the further examination of the levels of CD133, CD44, ABCC3, TNFRSF1A, and MGMT in four subtypes of GBMs, we found that CD44, ABCC3, and TNFRSF1A were differentially expressed in all four subtypes and the highest levels were observed in the mesenchymal and classical groups. In contrast, the expression level of CD133 was higher in the proneural group ([Fig. 5](#f0025){ref-type="fig"}a). Using a 3D model, we show that expression levels of CD44, ABCC3, and TNFRSF1A could separate GBMs into two groups (classical and mesenchymal group *vs.* neural and proneural group) ([Fig. 5](#f0025){ref-type="fig"}b). As the existence of CSC is one of the major causes of disease relapse and MGMT methylation is a previously demonstrated indicator for GBM, we next analyzed the correlations between the expression levels of four genes (CD44, ABCC3, TNFRSF1A, and MGMT) in a 540 GBM cohort with patients\' outcomes in response to radiotherapy and/or chemotherapy, respectively. As shown in [Fig. 6](#f0030){ref-type="fig"}a, d, and g, elevated levels of four markers in GBM are associated with those patients\' shorter overall survival time in response to therapy. By applying the same standard to other two large cohorts of GBMs, the four-gene index model can classify all GBM patients into five subtypes (4 gene (CD44, ABCC3, TNFRSF1A, and MGMT) expression -low, 1 gene-high, 2 gene-high, 3 gene-high, and 4 gene-high), with different outcomes ([Fig. 6](#f0030){ref-type="fig"}b--c) and this index model divides the patients into subtypes in response to both radiation and chemotherapy ([Fig. 6](#f0030){ref-type="fig"}d--i). We further evaluated this four-gene index model in the GBMs carrying the 1p/19q LOH or the IDH1 mutation or the EGFR mutation; our results indicate that this four-gene index model could also divide the patients into subtypes with different survival outcomes (Supplemental Fig. 5).Fig. 5Clinical relevance of selected markers.The pre-normalized data were extracted from the dataset "Tumor Glioblastoma-TCGA-540-MAS5.0-u133a" \[[@bb0165]\] and 2log ratio values were used. (a) The expression levels of CD133, CD44, ABCC3, TNFRSF1A, and MGMT in four subtypes of GBMs (classical, n = 17; mesenchymal, n = 25; neural, n = 14; proneural, n = 22). (b) The 3D model was built based on the expression levels of three selected markers in four different subtypes of GBMs using JMP software.Fig. 5Fig. 6A four-gene index model for prediction of GBM patients\' therapy response.The pre-normalized data were extracted from three available complete datasets in the R2 database (<http://r2.amc.nl>) \[[@bb0050],[@bb0140],[@bb0165],[@bb0170]\] and analyzed using JMP software. The patient survival curves were produced using Kaplan-Meier method and log-rank method. The 540 GBM sample set was used as the training set and the other two sets of data were used for evaluation. 2log ratio values were used for all testing. (a) The correlation of four gene expressions in GBM with patients\' survial (training set, p \< .002). (b--c) The correlation of four gene expressions in GBM with patients\' survial in the 395 and 284 sample sets respectively (validation sets, p \< .02 and p \< .0001, respectively). (d, e, f) The correlation of four gene expressions in GBM with patients\' survial in the 540, 395, and 284 sample sets in response to radiation therapy, respectively (validation, p \< .05, p \< .01, p \< .0001, respectively). (g, h, i) The correlation of four gene expressions in GBM with patients\' survial in the 540, 395, and 284 sample sets in response to chemotherapy, respectively (validation, p \< .05, p \< .05, p \< .0001, respectively).Fig. 6

3.4. Anti-GBM drug evaluation for GBM cells with different expression levels of *ABCC3*, *CD44*, *TNFRSF1A*, and *MGMT* {#s0085}
-----------------------------------------------------------------------------------------------------------------------

We also evaluated the expression levels of the abovementioned selected markers in a panel of GBM cell lines and determined the sensitivities of these cell lines in response to TMZ based on previous publications \[[@bb0190], [@bb0195], [@bb0200], [@bb0205], [@bb0210]\]. As shown in [Table 1](#t0005){ref-type="table"}, in four GBM cell lines, U87 and LN229 are more sensitive to TMZ treatment than T98G and LN18. In addition, the expression levels of the four genes (*ABCC3*, *CD44*, *TNFRSF1A*, and *MGMT*) are higher in T98G and LN18 than those in U87 and LN229, though TNFRSF1A shows a slightly different pattern. These results suggest that GBM cell lines (T98G and LN18) which express high levels of the mentioned four genes are less sensitive to TMZ. We then assessed the sensitivity of GBM cells in response to two natural products, celastrol and triptolide, isolated from the root extracts of *Tripterygium wilfordii* (*Thunder god vine*) and demonstrated the effectiveness of the latter two compounds against GBM *in vitro* and *in vivo* \[[@bb0215], [@bb0220], [@bb0225], [@bb0230], [@bb0235], [@bb0240]\], as well as the effectiveness of salinomycin, an emerging agent with anti-breast CSC activities \[[@bb0245]\]. As shown in [Fig. 7](#f0035){ref-type="fig"}b--g, in response to celastrol treatments, the EC50 values for T98G and LN18 cells are approximately 5 μM; while the EC50 for LN229 and U87 is 1 μM. In response to triptolide treatments, the EC50 values are 30 nM for LN229, 80 nM for U87, and \>80 nM for T98G and LN18. These results show that GBM cells (T98G and LN18) expressing higher levels of all four genes are less sensitive to celastrol and triptolide treatments and also highly resistant to TMZ treatment. However, intriguingly in terms of salinomycin-sensitivity \[[@bb0250], [@bb0255], [@bb0260], [@bb0265], [@bb0270]\], T98G and LN229 cells are more sensitive than LN18 and U87 cells accessed by both cell proliferation (the EC50 for T98G and LN18 is approximately 1.25 μM, while the EC50 for LN229 and U87 is about 10 times higher than T98G and LN18) and tumor-sphere formation assays ([Fig. 7](#f0035){ref-type="fig"}d, g). Taken together, these results suggest that the cell lines expressing different levels of these four markers are predictive of the efficacies of drugs used in GBM treatment.Table 1The sensitivity of glioblastomas in response to TMZ.Table 1GBM cell lineTMZ-sensitivityReferencesU87 *vs.* LN229U87 (IC50: 300 μM) \> LN229 (IC50: \>300 μM)Cheng YC et al., Oncotarget. 2016 \[[@bb0355]\]U87 *vs.* T98GU87 (IC50:100 μM) \> T98G (IC50: \>500 μM)Kanzawa T et al., Br J Cancer. 2003 \[[@bb0195]\]LN229 *vs.* T98GLN229 \> T98GChen D et al., BMC Cancer. 2014 \[[@bb0205]\]LN18 *vs.* LN229LN229 \> LN18 (IC50: 400 μM)Harrabi S et al., Int J Radiat Biol. 2013 & Yang N et al., J Transl Med. 2014 \[[@bb0190],[@bb0210]\]Fig. 7The sensitivity of GBM cell lines to treatments.(a) The expression levels of selected markers in a panel of GBM cell lines determined by real time PCR. (b, c, d) The effects of celastrol, triptolide, and salinomycin on GBM cell proliferation. (e, f, g) The effects of celastrol, triptolide, and salinomycin on GBM cell tumor-sphere formation. The error bars represent the standard error of the mean (SEM) for all graphs in this fig. P-values \< .05 were considered to be statistically significant. \*p \< .05, \*\*p \< .01, \*\*\*p \< .001.Fig. 7

4. Discussion {#s0090}
=============

In this study, through analyzing the expression of the most commonly used conventional putative CSC markers in GBMs and their correlations with patients\' outcomes using three large cohorts of patients\' data previously generated and stored in the public databases, we have first identified that CD44 is a highly expressed biomarker in GBM. Upon further analysis, we found that the levels of CD44 and its highly correlated genes, ABCC3 and TNFRSF1A, in GBM tissues, are significantly higher in GBMs than those in normal brain tissues. The levels of these three genes are increased with disease grades and elevated levels of CD44, ABCC3, and TNFRSF1A are associated with patients\' shorter survival times. We have also demonstrated that these three genes, combined with MGMT, can be used as a four-gene signature for the prediction of GBM patients\' response to anti-GBM therapies. In the evaluation of the selected markers in a panel of GBM cell lines in response to TMZ, salinomycin, and two other natural compounds, we demonstrated that GBM cells expressing higher levels of these four selected markers are less sensitive to traditional chemotherapy regimens, but are sensitive to salinomycin.

Given that the existence of CSC in GBM is one of the major causes of therapy resistance and disease relapse, we also compared all commonly used CSC markers in GBMs. Though many publications indicate that CD133, CD44, SOX2, MYC, and NES are putative CSC markers for GBM, good positive correlations in expression of these markers in GBMs were only observed between CD44 *vs.* NES and CD44 *vs.* MYC. Among these markers, CD133 is the most commonly used CSC marker in many *in vitro* and *in vivo* tumor models and its expression level was associated with GBM patients\' poor survival \[[@bb0275]\]. In this study, we analyzed the correlation of CD133 with GBM patients\' outcomes in three cohorts of GBM datasets and our results are in agreement with our previous conclusions, but the correlation is less significant than that between CD44 with patients\' outcomes. Thus, we conclude that CD44 is a better prognostic marker for GBM patients than other CSC markers. Overexpression of EGFR could result in enhancing cell growth, migration, and angiogenesis in GBMs and is associated with a poor outcome \[[@bb0280],[@bb0285]\]. We observed significantly higher levels of CD44, ABCC3, TNFRSF1A, and AKT1 expression in the GBM with EGFR amplification, which is consistent with a previously published finding \[[@bb0280],[@bb0285]\]. Notably, the biological functions of CD44 in different types of cells are variable depending on the cell type and the expression pattern of the particular variants in certain types of cells, as the existence of multiple CD44 isoforms due to alterative splicing (11 splicing variants are reported so far) is linked with its specific function \[[@bb0290], [@bb0295], [@bb0300], [@bb0305], [@bb0310], [@bb0315]\]. In this study, we used the common CD44 probe in the arrays that detects all CD44 isoforms in the GBMs. It is not clear whether a specific isoform in GBM plays a dominant role, which warrants further investigation.

By combining the levels of CD44, ABCC3, TNFRSF1A, and MGMT, we found these four genes can be used as an index model for glioblastoma patients\' therapy response. Initially, we tested the index model using more markers including CD44, ABCC3, TNFRSF1A, MGMT, AKT1, CDKN2A, and CD133. By comparing the results of using three, four, and five gene indexes for the models, we found that utilizing only three genes (not including MGMT), did not provide sufficient patient classification criteria. We also compared the use of four and five genes and found using five genes (including CD133) did not provide additional benefits than using four genes. The four-gene index was first identified using the 540 cohort dataset by analyzing the correlation of these genes in GBM with all patients\' overall survival and the results were validated using two additional datasets, which contained 395 and 284 GBM samples, respectively.

To evaluate the four-gene model, we selected four compounds. TMZ was approved by the US FDA in 1999 to treat GBM patients and is now a widely used drug in GBM clinical treatment. For the other three anticancer compounds, salinomycin, celastrol, and triptolide, although they have not been approved by the FDA for use in human subjects at this time, they showed promising effects on CSC elimination and overcoming therapy resistance and some have already been used in clinical trials \[[@bb0320], [@bb0325], [@bb0330]\]. Salinomycin was identified from a library of 16,000 natural and commercial chemical compounds based on its highly selective inhibitory effect on breast CSCs with \>100-fold greater potency than paclitaxel \[[@bb0335]\]. As we summarized in our recent publication \[[@bb0320]\], the extraordinary properties and presumed clinical implications of salinomycin evident in this seminal finding laid the foundation for a flurry of studies conducted thereafter examining salinomycin\'s anti-cancer effects in various cancer types and model systems. Salinomycin has been used for individual clinical therapy \[[@bb0320],[@bb0340]\]. Celastrol and triptolide, which are derived from a traditional Chinese medicine, *Tripterygium wilfordii*, have been reported to exhibit antitumor activity on GBM *in vitro* \[[@bb0220],[@bb0240]\] and minnelide, a pro-drug of triptolide, has been used in a just completed phase 1 trial against GI cancers and is currently awaiting usage in phase 2 trials. As the four-gene signature we identified from this study is related to CSCs and therapy resistance, we tested them in GBM cell lines. We show that the cell lines with higher levels of CD44, ABCC3, TNFRSF1A, and MGMT are much less sensitive to TMZ treatment and to triptolide and celastrol treatments, but not to salinomycin treatment, which indicates that GBM cells expressing elevated levels of these four genes are of CSC characters. The cell line model also confirmed that the expression of four genes in GBM predicted the treatment response well. Thus, we conclude that these markers may be used to identify subtypes of GBM patients with different outcomes and the expression levels of CD44, ABCC3, and TNFRSF1A in GBMs from patients may serve as potential markers for monitoring the efficacy of GBM therapy. In fact, resistance to TMZ was reported to be associated with the expression of ABCC3 in NK but not CD8+ T cells \[[@bb0345],[@bb0350]\]. Recently, Pellegatta et al. also showed that hypermethylation of the MGMT promoter was a clinical feature associated with longer progression free survival and overall survival \[[@bb0345]\]. Therefore, the four-gene signature has a potential role for guiding clinicians for personalized optimal patient care.
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Supplementary figuresSupplemental Fig. 1. The expression of common CSC markers in GBM cells, neural stem cells, and normal cortex. The data were extracted from the dataset "Cellline Glioblastoma Stemcells - Pollard -- 20 in the R2 database" \[[@bb0095]\] and the statistical differences were evaluated with paired student t-test using JMP software. The boxes represent the interquartile ranges of the analyzed genes\' expression levels. The line within each box represents median 2Log expression cut-off value of each gene. The minimum and maximum ranges for each gene expression level were shown as whiskers. P-values \< .05 were considered to be statistically significant.Supplemental Fig. 2. The correlation of CD133 levels in GBM with the overall survival of GBM patients. The pre-normalized data were extracted from the dataset "Tumor Glioblastoma-TCGA-540-MAS5.0-u133a" \[[@bb0165]\] and 2log ratio values were used. Survival time was measured from the time of initial diagnosis to the date of death or the date of last follow up. The survival distribution was estimated according to the Kaplan-Meier method using optimal cut-off selection and log-rank statistics with Bonferroni based multiple testing corrections. P-values \<.05 were considered to be statistically significant. (a) The correlation of CD133 levels in GBM with the overall survival of all GBM patients. (b, c, d, and e) The correlation of CD133 levels in GBM with the overall survival of subtypes of GBM patients.Supplemental Fig. 3. The correlation of CD133 and CD44 levels in GBM with the overall survival of GBM patients. The data were extracted from the datasets "Tumor Glioblastoma-TCGA-395-MAS5.0-u1331" and "French-284-MAS5.0-u133p2" in the R2 database \[[@bb0050],[@bb0140],[@bb0170]\]. Survival time was measured from the time of initial diagnosis to the date of death or the date of last follow up. The survival distribution was estimated according to the Kaplan-Meier method using optimal cut-off selection and log-rank statistics. P-values \< .05 were considered to be statistically significant. (a, b) The correlation of CD133 and CD44 levels in GBM with the overall survival of GBM patients using "Tumor Glioblastoma-TCGA-395-MAS5.0-u1331" dataset. (c, d) The correlation of CD133 and CD44 levels in GBM with the overall survival of GBM patients using "French-284-MAS5.0-u133p2" dataset.Supplemental Fig. 4. CD44 highly correlated genes. The gene levels highly correlated with CD44 in GBM tissues selected and extracted from the datasets "Tumor Glioblastoma-TCGA-395-MAS5.0-u1331" and "French-284-MAS5.0-u133p2" in the R2 database \[[@bb0050],[@bb0140],[@bb0170]\]. The genes with a correlation factor *R* \> 0.60 were used for the final graph. The genes with lowest p-value were selected as candidate genes. (a, b) The highly correlated genes in GBMs of "Tumor Glioblastoma-TCGA-395-MAS5.0-u1331" and the figure (b) shows the correlation of genes with CD44 "R" and the significance levels of "p" in GBMs. (c, d) The highly correlated genes in GBMs of "French-284-MAS5.0-u133p2" and the figure (d) shows the correlation of genes with CD44 "R" and the significance levels of "p" in GBMs.Supplemental Fig. 5. The correlation of four gene expressions in GBM with or without 1p/19q LOH, IDH1 mutation or EGFR mutation with patients\' survial. The data were extracted from the dataset "Tumor Glioma - French - 284 - MAS5.0 - u133p2" in the R2 database \[[@bb0050]\]. The correlation of four gene expression in GBM with or without 1p/19q LOH, IDH1 mutation or EGFR mutation with patients\' survival was evaluated. Survival time was measured from the time of initial diagnosis to the date of death or the date of last follow up. The survival distribution was estimated according to the Kaplan-Meier method using optimal cut-off selection and log-rank statistics. P-values \<.05 were considered to be statistically significant.Image 1
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